Abstract-The influence of parameters of mechanical activation (MA) on the structure and phase composi tion of the Ni-Al reaction mixtures, as well as the products that are formed from them during the subsequent self propagating high temperature synthesis (SHS), is investigated using optical and electron microscopy, X ray structural analysis, electron probe microanalysis, and laser diffraction. Optimal MA modes of reaction mixtures and optimal synthesis conditions of porous cakes are determined. Special functional additives of Al 2 O 3 , BN, and WC powders, which increase the cake porosity and facilitate the subsequent grinding, are selected and their amount is determined. It is revealed that boron nitride and tungsten carbide additives most efficiently promote the destruction of NiAl particles. Submicron powders with an NiAl based nanoblock structure are prepared.
INTRODUCTION
The development of basic branches of industry that determine technical progress mainly depends on the creation of new construction materials, among which intermetallic compounds of nickel differ by high heat resistance and refractoriness, being the base of a series of construction materials for rocket, gas turbine, and atomic technique [1] [2] [3] [4] .
NiAl based alloys possess valuable physicochemi cal and mechanical properties, have better workability, and are corrosion resistant, considerably exceeding usual metals. Interest in these alloys is caused firstly by such properties as high temperature strength (up to 0.7-0.8 t m ), heat resistance (up to 1100°C), and low density, which leads to considerable specific strength. The main disadvantage of many intermetallic com pounds is their brittleness at room and high tempera tures caused by many reasons, one of which is pre sented by the structural and phase nonuniformity [1, 4, 5] .
Intermetallic compounds are usually obtained by remelting in vacuum (arc, electron beam, induction, and crucibleless) or with the help of powder metal lurgy (compaction with subsequent sintering or hot isostatic pressing). The main disadvantages of these methods are low productivity and high power inputs, while those of prepared materials are chemical and structural inhomogeneity. When using the technolo gies of powder metallurgy, powders of intermetallic compounds, which are obtained by various methods, including mechanical alloying, are used as the initial feedstock [1, [5] [6] [7] [8] [9] [10] [11] [12] . The main problem is the porosity of sintered wares in this case, since the sintering tem perature is lower than the melting point of the com pound.
The method of self propagating high temperature synthesis (SHS) makes it possible to eliminate disad vantages of traditional methods of obtaining interme tallic compounds such as prolonged holdings at a high temperature and a multistage character of processes, contamination by products of side reactions and impurities, and large power and material expenses. The peculiarities of the formation of intermetallic compounds from elements are a comparatively low reaction heat and low adiabatic temperatures compared with other SHS systems [3, 4] . Because of this, some mixtures for the synthesis of intermetallic compounds turn out unable to combust at room temperature.
A probable solution to the problem of obtaining material uniform by the phase composition should be sought in applying the methods of mechanical alloying (MA) or preliminary mechanical activation (MAC) of initial powder mixtures. The review of studies [7, [9] [10] [11] [12] [13] [14] devoted to this theme showed that MA is widely used to prepare powders of intermetallic compounds, including nanostructured ones. However, with the apparent simplicity of this method, the fabrication of narrow fraction powders of the specified phase com position and dispersity is a complex problem.
During prolonged milling, the crystallite size decreases to a certain limit, which is determined by the nature of treated components, equipment type, and power, and limits the possibility of obtaining a speci fied structure [4, 6, 7, 9, 14] . Prolonged treatment in mills leads to the contamination of the treated powder by impurities of container and milling materials, which negatively affects their properties. Therefore, SHS with the preliminary short term intense stirring (MA) is the most preferential method for increasing the reaction ability due to the structural transforma tion of the charge and accumulation of mechanical energy in the form of structural defects [6, 7, [13] [14] [15] .
Narrow fraction powders several microns in size are required for modern technologies of ware produc tion such as spark plasma sintering (SPS) or selective laser sintering (SLS). Metal-matrix composites obtained applying the mechanical activation and sub sequent SHS have a higher level of physicomechanical properties than materials of a close composition pre pared by traditional methods [13, 14] .
This study was targeted at obtaining submicron powders and nanostructured NiAl based granules by the MAC SHS method.
EXPERIMENTAL
The composition of the reaction mixture was cal culated starting from the formation condition of the NiAl intermetallic compound (Ni-31.5% Al). We used powders of PNK OT2 carbonyl nickel and PA 4 aluminum. Functional additives of Al 2 O 3 , BN, and WC nanopowders in an amount from 0.1 to 5.0 wt % were introduced into the reaction mixtures as struc tural modifiers.
Mechanical activation of the mixtures was per formed in an MPP 1 planetary mill at the following production parameters: the drum working volume is 400 cm 3 , centrifugal acceleration over its axis is 280 m/s 2 , and the ratio of balls and charge weights is 10 : 1. The Ni-Al mixtures were prepared in a plane tary mill according to the MAC modes, which excluded the formation of synthesis products in mill drums. The SHS process of MAC mixtures was per formed in a layer by layer combustion mode, after which the formed porous cakes were milled to the desirable size.
MAC conditions, which provide the largest heat evolution in the combustion wave and formation of single phased NiAl intermetallic compound, were performed when using rapidly acting BKS 4 combus tion calorimeter according to procedure [13] .
The particle size of the powder was measured using an Analysette 22 MicroTec plus device produced by Fritsch. Its action principle is based on the diffraction of laser beams. The device is equipped with two semi conductor lasers with green and red radiation, which makes it possible to measure the particles in a broad range of their sizes (from 80 nm to 2 mm). The method accuracy is ±2.0%.
The structure and phase composition of reaction mixtures and SHS products were investigated using an S 3400N scanning electron microscope (SEM) pro duced by Hitachi and equipped with NORAN X ray energy dispersive spectrometer (EDS). The phase composition of combustion products was investigated by X ray diffraction analysis (XRD) using the mono chromatic CuK α radiation. Recording was performed in a step scanning mode in angle range 2θ = 10°-110°w ith a step of 0.1° with an exposure of 4 s for each point. The spectra were processed using the JCPDS data file.
RESULTS AND DISCUSSION
The dependence of the amount of isolating heat (Q) on the MAC time (τ) goes through a maximum (Fig. 1) . The largest heat evolution rate with the weight ratio of the balls and material M b : M mix = 10 : 1 is attained at τ MA = 300 s (5 min).
The magnitude of Q decreases with the further increase in MA time. Its initial increase was associated with an increase in the reaction surface due to the increase in the contact area between the particles ( Fig. 2a) , as well as the accumulation of MA energy in the form of structural defects and, consequently, an increase in the degree of reaction and heat evolution. A decrease in Q at τ > 5 min is caused by the formation of the NiAl phase in mill drums (see Fig. 2b ).
Investigations into the structure of the samples of synthesis products were performed for mixtures Ni-31.5% Al activated in an MPP 1 mill for 5 min. A sin gle phase porous product with a grain size of 20-70 μm is formed under these conditions in the SHS reactor. According to the microanalysis data, the spread over the nickel and aluminum content in the grains does not exceed 0.5%. No residues of initial reagents and other nickel aluminides are found by XRD, EDS, and SEM methods.
To increase the dispersity of powders of nickel alu minides, special additives of nanopowders of Al 2 O 3 , BN, and WC, which should prevent the grain growth in the synthesized material, were introduced into the charge. However, they require additional heat for their heating, which affects the enthalpy of the reaction mixture; lowers the temperature and combustion rate of the main SHS reaction; and, consequently, affects the composition and structure of the target combus tion product. Therefore, we performed experiments to determine the amount of additives and their influence on the composition and structure of synthesized pow ders of intermetallic compounds.
Our investigations showed that the introduction of 0.1% Al 2 O 3 into the initial charge strongly affects the phase composition of the formed product. After the synthesis of the MAC mixture in the layer by layer combustion mode in argon, the amount of oxygen increases to 2.0%, while it did not exceed 0.4% before SHS. This is apparently caused by the fact that the oxide film on the surface of nickel particles in the combustion wave is reduced by aluminum and increases the content of oxides in combustion prod ucts. XRD did not reveal the presence of aluminum oxide for a MAC time of 5 min (see table) . This can be associated with the fact that the oxide film on the surface of particles of nickel powder is very thin and, consequently, forming oxide particles are very fine and are not revealed by XRD; however, they can be seen by SEM at large magnifications. Therefore, an increase in the aluminum oxide content is unreason able.
The phase composition of synthesized samples with a content of 0.1% BN from the mixture activated for 5 min corresponds to 100% NiAl. Reflections cor responding to BN are not revealed in X ray diffraction patterns because its amount is small. An increase in the BN content leads to an increase in the fraction of initial components of nickel and aluminum in the syn thesis product: traces of Ni and Al are noted in X ray diffraction patterns at 0.5% BN, while ~13% Ni and 3% Al are present at 1.0% BN.
Tungsten carbide nanopowder in an amount of 5%, similarly to BN, is not dissolved in NiAl (see table) . The phase composition of the synthesized product corresponds to NiAl + 5% WC. It should be noted that the addition of WC increases the porosity of the syn thesized cake by 10-20%, which facilitates the subse quent milling and increases the product yield by ~5-10% due to a decrease in adhering on the balls and drum walls.
It was already noted above that porous cakes with a large grain size of the intermetallic phase (~20-70 μm), which should be milled to the required size, are obtained after the SHS of powders from MAC mix tures. Figure 3 shows the results of an investigation into the granulometric composition of synthesized samples with additives and without them after milling in identical conditions. All particles in the NiAl cake after the MPP 1 treatment are smaller than 42 μm (Fig. 3, curves 1) , while the part of the fraction smaller than 5 μm is 20%. The introduction of hexagonal boron nitride into the NiAl composition in an amount of 0.1% positively affects milling (curve 2): all particles are also smaller than 42 μm, their average size is 5 μm, and the part of the fraction smaller than 14 μm is 90%. It is evident that BN is arranged over grain boundaries, which pro motes the destruction of particles.
The addition of tungsten carbide affects the particle size similarly but more strongly: the average size of grains of powder decreases to a level of 3-4 μm (see Fig. 3, curve 3) , while the part of the fraction smaller than 12 μm is 90%. All particles in this powder exceed 38 μm.
Structures of NiAl powders with modifiers after milling are presented in Fig. 4 . It is seen that coarse particles are present in them, although their fraction is small. According to the data of X ray structural analy sis, the size of nanoblocks after milling in all powders is 20-30 nm.
It is established that porous cakes with a grain size of 20-70 μm and a nanoblock (smaller than 30 nm) structure of the intermetallic phase are obtained as a result of SHS of MAC mixtures.
Special functional additives (BN, WC) introduced into the charge block grain growth in the combustion wave in the course of cooling the synthesis products, increase the porosity of cakes, and facilitate the subse quent milling. This procedure results in submicron powders with a nanoblock structure based on the NiAl intermetallic compound. 
